Objectives We evaluated predictors of differences in published occupational lead concentrations for activities disturbing material painted with or containing lead in U.S. workplaces to aid historical exposure reconstruction. Methods For the aforementioned tasks, 221 air and 113 blood lead summary results were extracted from a previously developed database. Differences in the natural log-transformed geometric mean (GM) for year, industry, job, and other ancillary variables were evaluated in meta-regression models that weighted each summary result by its inverse variance and sample size. Results Air and blood lead GMs declined 5%/year and 6%/year, respectively, in most industries. Exposure contrast in the GMs across the nine jobs and five industries was higher based on air versus blood concentrations. For welding activities, blood lead GMs were 1.7 times higher in worst-case versus non-worst case scenarios. Conclusions Job, industry, and time-specific exposure differences were identified; other determinants were too sparse or collinear to characterize.
INTRODUCTION
In population-based studies, exposure assessment approaches have begun to systematically incorporate measurement data to identify determinants of exposure that can be used to anchor exposure intensity estimates [Hein et al., 2008; Hein et al., 2010; Peters et al., 2010 Peters et al., , 2011 Friesen et al., 2012 Friesen et al., , 2014a . For these efforts the published literature has often been an important measurement source [Hein et al., 2008; Hein et al., 2010; Sauv e et al., 2012 Sauv e et al., , 2013 Friesen et al., 2014b] . For example, a statistical model of published metalworking fluid measurements was used to estimate the intensity of straight, soluble, and synthetic metalworking fluid exposure for a case-control study of bladder cancer [Friesen et al., 2014b] . The resulting estimates demonstrated a significant increased bladder cancer risk with increasing straight metalworking fluid exposure [Colt et al., 2014] that was consistent with the exposure-response associations observed in an industry cohort study [Friesen et al., 2009] .
To aid historical exposure reconstruction efforts in U.S. population-based studies, we previously compiled a database of published occupational lead measurements from U.S. workplaces [Koh et al., 2015] . Lead has been widely used in metal alloys, pigments, plastics, rubber, and paints across U.S. industries for many decades [ATSDR, 2006] , and has been associated with a variety of different adverse health effects that include nervous system, liver and kidney damage, and cancer [IARC, 2006; ATSDR, 2006] . Our first evaluations of this lead measurement database identified temporal trends for a variety of industries with published measurements spanning ten or more years that differed by sample type (air vs. blood) [Koh et al., 2014] . However, these previous analyses did not examine the effects of job category, some of which may occur in multiple industries, or the influence of other ancillary data, which were sparse for most industries. In this paper, we present more detailed analyses of a subset of this database, focusing on measurements collected from U.S. workers performing activities related to lead-based paint and cutting/joining metal with heat in the presence of lead. These activities are prevalent in the U.S. working population and represented approximately one-third of the published personal air and blood lead summary results in the database [Koh et al., 2015] . The jobs performing these activities occur in a variety of industries (e.g., welding, painting). For these activities, our objective was to identify exposure differences by job (or task), industry, and time period, as well as evaluate the influence of other ancillary variables available in the data set. The job-, industry-, and time-specific differences in exposure identified in this systematic evaluation can be used to aid historical exposure reconstruction efforts in population-based studies.
MATERIALS AND METHODS
The database of occupational lead concentrations in U.S. workplaces reported in the published literature from 1940 through December 31, 2010, was first described in Koh et al. [2015] . Relevant studies were identified by searching webbased bibliographic databases (MEDLINE, Web of Science, Scopus, SciFinder, NIOSHTIC2) using the search terms "lead exposure," "worker," "occupation," and "occupational exposure" and by reviewing the identified papers' citations. The database was constructed from lead measurements that were predominantly reported as summary results (i.e., geometric means [GMs] and geometric standard deviations [GSDs] ). The exposure concentrations and measures of exposure variability were extracted and converted, when necessary, to obtain a GM and GSD for each set of summary results. The three air summary results reported below the limit of detection were replaced with values of 1/2 times the detection limit. Concurrently, ancillary data were extracted on measurement year, sample type (area air, personal air, blood), industry, job, task, particle size fraction, sampling duration, analytic method, containment structure use, leadbased paint removal activities, respirator use, ventilation use, and worst case scenarios (e.g., elevated blood lead levels, employee concerns, regulatory violations). The database contained 525 sets of personal air summary results and 351 sets of blood lead summary results, representing 27 2-digit SIC codes from 175 exposure studies conducted within U.S. workplaces.
For the present analyses, we extracted the subset of personal air and blood lead summary results associated with lead-based paint work or joining or cutting metal in the presence of lead using heat. This subset represented 9 of the 27 2-digit SIC codes and 69 of the 175 exposure studies in the exposure data set. Summary results were categorized into 9 occupation groups and five industry groups (Table I) and included automotive repair services, ship building and repair, general and heavy construction, and automotive manufacturing. The complete dataset can be found in Supplementary  Table SI . The selected personal summary results included 12 area air summary results because, upon expert review of the original papers, it was determined that these samples were collected in a manner that represented personal exposure. The air measurements were restricted to those where the particle size was inhalable, total suspended particle (collected using a closed-face 37 mm cassette), or not specifically reported (expected to be inhalable or total suspended particle), thus excluding 11 respirable air summary results. We excluded the 15 personal air and 1 blood lead summary results collected pre-1960. For this subset, we categorized industry into five groups and job into nine groups, which are listed in Table I and defined in more detail in online Supplementary Table SII. We assigned a sample size-weighted average GSD of 3.0 and 1.9 for air and blood lead, respectively, to sets of summary results that were comprised of a single measurement (15 air, 6 blood summary results), that had no measure of variability (3 air, 2 blood), or where the GSD equaled 1 (2 air). The weighted average GSDs were calculated using all studies in this subset, except Nelson et al. [1993] , which reported AM air summary results with large sample sizes that spanned up to one decade and had extremely wide ranges of exposure. The data in this subset and their corresponding sources are provided in Supplementary Table SI. We examined predictors of historical lead exposure in this subset separately for air and for blood lead using mixed-effects meta-analysis models using SAS 9.3 (SAS Institute Inc., Cary, NC) based on the framework previously used to characterize temporal trends within this database [Koh et al., 2014] . This structure accounts for both within-and between-study variability by incorporating a random-effect that weights each summary result by the inverse of the log-transformed variance divided by the number of measurements. Each model used the natural log-transformed GM (lnGM) as the dependent variable. Ancillary data were incorporated into the models as fixed effects. Regression parameters and between-study variances (starting guess for iterations set to 1 /2 times the average withinstudy variance) were obtained using maximum likelihood estimation.
The complete list of ancillary variables considered in the modeling process are listed in Supplementary Table SII. Prior to inclusion in the model, ancillary variables were examined using cross-tabulations, correlation measures, and univariate models. This eliminated several variables from further consideration because they were not associated with lnGM in univariate models, they were strongly collinear with industry or job, or there were <3 summary results in the response category of interest (sampling duration, analytical Variables tested in the models and dropped because P-value >0.1: year Ã autobody and radiator repair, year Ã miscellaneous industries, respirator use, and worst case exposure scenario-abrasive blaster. b Predicted personal air GM of the GMs in the literature
General and residential construction industry had no measurements prior to1990, so extrapolations of the time trend before1990 should be made cautiously.
methods, containment structure use, lead-based paint removal activities, number of measurements, ventilation use, analytical category). Year was incorporated both as a main effect and as an interaction term with industry because previous evaluations observed industry-specific temporal trends [Koh et al., 2014] . Initial evaluations of the worst case variable (industrial hygiene surveys initiated in response to elevated blood lead levels, employee concerns, or regulatory violations) found that worst case scenarios were reported exclusively for two jobs: abrasive blasters and welders/ burners/ironworkers. To distinguish these samples from representative samples and to avoid assuming that the variable "worst case" was associated with other jobs and that the magnitude of the effect was the same across the two jobs, we derived two job-specific variables-"worst case exposure scenario: abrasive blasters" and "worst case exposure scenario: welders/burners/ironworkers"-that were coded "Yes" if worst case sample relevant to the given job, "No" if representative sample, and "Not Reported" if not specified.
The ancillary variables were evaluated in the models using a backward, manual step-wise approach for each model, removing variables with the highest P-value one at a time until all variables had P values <0.1. Categorical variables were evaluated as a group. The main effect for year was kept in the model regardless of its P-value because statistically significant industry-year interactions were observed. Because task was strongly collinear with job, a separate set of models was developed by replacing job with task.
RESULTS
The subset of the database pertaining to lead-based paints and cutting and joining metals with heat and meeting our inclusion criteria comprised 221 personal air lead summary results from 47 papers representing 3,931 measurements and 113 blood lead summary results from 45 papers representing 4,783 measurements. Personal air GMs ranged from <1 to over 10,000 mg/m 3 and blood lead GMs ranged from 2.4 to 100 mg/dL. The distribution of these summary results by industry and job is shown in Table I . Worst case exposure scenarios were reported infrequently and were observed only for abrasive blasters (14 air, 1 blood summary results) and welder/burner/ironworkers (6 air, 4 blood summary results).
The model parameters of the air and blood lead summary results for the models that used job, rather than task, are shown in Table I . The independent variables explained 52% of the personal air between-summary result variance and 70% of the blood lead between-summary result variance. The model parameters of the air and blood lead summary results for the models that replaced job with task are shown in Supplementary Table SIII. The air model using job estimated a non-significant 4.6% decline per year for all industries except shipyard, (Table I, Fig. 1 ). The time trend for shipyards increased 5.1% per year (exp[À0.047 þ 0.097]). Systematic differences in exposure occurred by industry, with the lowest exposures predicted for "general and residential construction" and the highest for "shipyards" the Similarly, predicted GMs varied across the nine occupation groups, with the lowest predicted GMs for "construction other and maintenance" and the highest for "abrasive blaster."
The blood lead model estimated a 6.2% decline per year (P < 0.0001) for three of the five industries (Table I , Fig. 1 ). Significant industry-year interactions predicted a 2.8% decline per year (exp[À0.064 þ 0.036]) for "general and residential construction" and 2.2% decline per year (exp [À0.064 þ 0.042]) for "miscellaneous" industries. For industry, the lowest predicted GMs occurred for "general and residential construction" and the highest for "miscellaneous" industries. These time trends are shown graphically in Figure 2 . For occupation, the lowest predicted GMs were observed for "chipper/grinder/sander" and the highest for "steel renovation and demolition worker"; however, most jobs were not significantly different from the reference job "painter."
Based on these models, predicted GMs and their respective confidence intervals for job-industry combinations that were represented in this subset were calculated and listed in Table II . For air, predicted GMs for the reference year 1990 ranged across an order of magnitude, from a low of 1 mg/m 3 for "renovation and demolition workers" in "general and residential construction" to a high of 615 mg/m 3 for "abrasive blasters" in "shipyards." For blood, the exposure range was much narrower, from a low of 4 mg/dL for "construction, other and maintenance" in "general and residential construction" to a high of 30 mg/dL for "steel renovation/demolition workers" in "steel structure construction." Similar patterns were observed when job was replaced with task (Supplementary Table SIII). In the task models, respirator use was associated with a 3.1 times higher GM of personal air lead concentrations than no respirator use.
DISCUSSION
We used meta-regression models based on published occupational lead concentrations to quantify job-, industry-, and time-specific differences in personal airborne and blood lead exposures for activities related to lead-based paint work and joining or cutting metal using heat to aid historical exposure reconstruction efforts in U.S. population-based studies. These models allowed us to systematically quantify exposure differences while accounting for each summary result's variance and number of measurements. In contrast, previous analyses of the published literature have weighted each summary result only by the number of measurements [Hein et al., 2008 [Hein et al., , 2010 , ignoring measurements' variability, or have derived data sets of individual measurements using simulations [Lavoue et al., 2007; Sauv e et al., 2012 Sauv e et al., , 2013 , which is a more complex method for accounting for both the variance and number of measurements.
The temporal trends generally declined more steeply in the models based on blood vs. air summary results (6.2% vs.
4.6% per year for most industries); however, the confidence intervals overlap. Two industry-specific time trends were observed: an increase of 5.1% per year for "shipyards" based on air concentrations and a more modest decline of 2-3% per year for "general and residential construction" and "miscellaneous" industries based on blood concentrations. The increasing trend for "shipyard" air concentrations may be an artifact of the conditions observed in the latter studies, which included high personal air lead concentrations during lead-based paint removal using abrasive blasting [Jarrett, 2003] or power tools [Zedd et al., 1993; Mattorano et al., 2001] in confined spaces or containment areas while wearing supply air or air purifying respirators. A comparable increasing shipyard-specific time trend was not observed in the blood lead models, where blood lead declined 6.2% per year, which likely represents the use of respirators during these high airborne exposure activities. The more modest decline in blood lead in "general and residential construction" may be because the U.S. Occupational Safety and Health Administration's (OSHA) lead in construction standard, which lowered lead occupational exposure limits fourfold, was enacted in 1993 [OSHA, 1993] , 15 years after OSHA's General Industry lead standard, which was enacted in 1978 and covered general industry and shipyards [OSHA, 1978] . These industry-and sample type-differences are generally consistent with our previous temporal evaluations [Koh et al., 2014] , but differed slightly because the models evaluated here also accounted for job and included summary results from lead-based paint removal (abatement) activities or from work performed inside containments. Our previous evaluations only included calendar year in the model and excluded measurements for these two scenarios. The observed temporal trends based on lead air measurements were consistent with Creely et al.'s [2007] evaluations of published lead air measurements, which found declines of 1-9% per year, and were lower than the 8-11% declines per year observed in the inspection air measurements collected by the U.S. Occupational Safety and Health Administration [Okun et al., 2004] . CI, 95% confidence interval; GM, geometric mean; N, summary results; n.c., not calculated because no summary results were available for this combination of occupation/ industry.
The range in industry and job-specific differences in GMs tended to be wider for models based on air vs. blood lead measurements, which is consistent with the generally larger variability in air versus biological measurements that has been demonstrated across a wide variety of agents [Symanski et al., 2007] . Air measurements represent only the measured time period and do not account for protective effects of respirators, which are used in many of these environments. In contrast, blood lead, with its half-life of $30 days, provides a measure of the average, internal lead dose for recent exposure that accounts for the day-to-day variability in air lead concentrations, physiological damping, and personal behaviors, such as hygiene practices and respirator and other protective equipment use [Rappaport and Spear 1988; ACGIH, 2001a] . Day-to-day variability in airborne lead concentrations can be particularly pronounced in construction industry workers, where the worksite, tasks, and associated exposures change constantly [Ringen et al., 1995] . In addition, the relationship between air and blood lead levels can vary as a result of particle size, airborne concentrations, incidental ingestion, and personal behaviors (i.e., respirator use), such that the airborne route may not always be the primary route of exposure [ACGIH, 2001b; EPA, 2006] .
Despite a focus on a subset where there was more data and the availability of ancillary data, only year, job, and industry were the main predictors of exposure. One ancillary variable -worst-case scenarios for "welder/burner/ironworker" jobs -remained as a significant predictor and only in the model based on blood lead concentrations. The 1.7 times higher predicted GMs for worst case exposure scenarios for welder/ burner/ironworkers compared to "representative" scenarios based on blood models is not surprising as these measurements were collected in targeted circumstances that likely represent atypical exposure scenarios. This pattern is consistent with the 1.8 times higher silica GMs observed for worst case scenarios in a compiled database of airborne respirable crystalline silica measurements [Peters et al., 2011] , but was less than the fivefold increased GMs for worst case scenarios of airborne bitumen fume exposure in asphalt pavers [Burstyn et al., 2000b] . No differences were observed for worst case abrasive blasters, perhaps due to small numbers. In addition, in the models where task replaced job (Supplemental Table SIII ), respirator use was associated with 3 times higher air lead levels than when no respirators were used, which is not surprising because activities with known elevated air lead levels generally necessitate respirator use. Respirator use was not a predictor of exposure in the air model using job, possibly because a given job may perform multiple tasks, some requiring the use of respirators and others not.
There were several limitations to our evaluations. First, we were able to capture exposure differences for the primary occupational characteristics available in epidemiologic studies-job, industry, and time period-but we were unable to identify task-specific differences within jobs or other determinants of exposure because the ancillary variables were highly collinear or were too sparse to evaluate. Collinearity and sparse data have also limited other exposure modeling efforts [Burstyn et al., 2000a; Flanagan et al., 2006; Gold et al., 2008; Hein et al., 2008; Hein et al., 2010; Sauv e et al., 2013; Friesen et al., 2014b] . Second, our evaluations assume that these studies are a random sample from an "average" U.S. workplace. However, the data may be a mixture of both "best case" scenarios, with good control measures, and "worst case" scenarios, where measurements were allowed because of health concerns among employees. In addition, the measurements were concentrated within several job-industry combinations. The application of these models will need to consider whether the concentrations reported for these combinations are representative of typical exposure scenarios and will need to be cautious when extrapolating beyond the observed combinations. Third, we modelled the GM rather than the AM because of the statistical properties of log-normally distributed data. Directly predicting arithmetic means, while weighting each result by its variance, would require nonlinear and more flexible modeling approaches. However, the arithmetic mean (AM) can be approximated using the
). Fourth, other publicly available data (e.g., NIOSH Health Hazard Evaluations) were not yet included because of the time-consuming nature of extracting data. The modeling framework used here is flexible and the results can be updated as more data are extracted.
An additional limitation is that neither the air nor blood models disentangle exposures from disturbing materials painted with or containing lead from exposure to leaded gasoline vehicle emissions. Exposure to leaded gasoline emissions has occurred occupationally in most of the occupations, thus these models should be interpreted as representing the median occupational exposure for all lead sources for these jobs and industries. Some environmental exposure to leaded gasoline emissions may also be included in the blood lead measurements from commuting and hobby activities; however, since the EPA's 1975 mandatory phasedown of lead's use as a fuel additive for on-road vehicles, and its eventual ban in 1995, environmental exposure in these activities is likely to be nominal in comparison to their occupational exposures. For comparison, the predicted blood lead levels reported here by industry (Fig. 2) generally exceeded the overall blood lead GMs for U.S. adults, based on data from National Health and Nutrition Examination Surveys, which was 13.1 mg/ dL in 1976 -1980 , 3.0 mg/dL in 1988 -1991 , [Pirkle et al., 1994 , and 1.2 mg/dL in 2009 -2010 [CDC, 2013 . In addition, these population levels include both occupational and environmental exposure to lead.
To aid exposure reconstruction efforts, we provided the predicted GMs (and confidence intervals) for the model reference year 1990 using both the air and blood models for job-industry combinations that were represented in the data subset. These values and the identified time trends can be used as a starting point to anchor exposure intensity estimates in population-based studies, which require characterizing exposure differences across a wide range of exposed occupations and industries over several decades. Predicted GMs were not calculated for missing combinations so that gaps in data were readily identifiable. Some of these gaps occurred because the job was only relevant for a subset of the industries. For example, summary results for "auto radiator repairer" were only found for the "autobody and radiator repair" industry. Other gaps represented gaps in the literature. For example, no air or blood air measurements were found in the data set for "painters" in the "shipyard" industry. We also denoted the years for which measurements were available. These values represent a starting point that other researchers may use in the developing of retrospective population-level exposure estimates. Extrapolating exposure estimates for gaps in the data, or beyond the years of coverage, will require additional efforts, such as expert judgment or obtaining other exposure data sources for the jobs, industries, and years represented in their studies. Similarly, researchers may choose to use this modeling framework to conduct additional analyses of this lead database, focusing on the occupations and industries relevant to their study population, or to use this modeling framework on an expanded exposure database that includes other data sources and countries.
In conclusion, published measurements from U.S. workplaces allowed us to systematically characterize time-, industry-, and job-related differences in occupational lead exposure for some of the most prevalent lead exposed activities-activities related to lead-based paint and cutting and joining metal. This allowed us to obtain an approximation of an "average" exposure for these activities in U.S. workplaces that can be used in future exposure assessment efforts in population-based studies.
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